nature neurOSCIenCe a r t I C l e S Cerebellum-like structures of vertebrates are thought to act as adaptive filters of ongoing sensory information, reducing the salience of predictable sensory input patterns [1] [2] [3] . The principal efferent neurons of these circuits integrate two types of excitatory synapses: 'instructive' signals from a specific sensory modality and 'predictive' signals from other brain nuclei that convey the multisensory context in which the instructive signal occurred. Although these basic anatomical motifs are conserved across most cerebellum-like structures, the cellular mechanisms and local computations underlying the adaptive filtering of sensory information remain poorly understood 1 .
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The dorsal cochlear nucleus (DCN) is an auditory brainstem region that is thought to function as an adaptive filter to cancel predictable, self-generated sounds 3, 4 . Like other cerebellum-like structures, the DCN is divided into instructive and predictive pathways that converge on principal neurons 1, 3 , an anatomical layout suggesting that auditory information and multisensory information are processed by nonoverlapping circuits. The glutamatergic principal neurons (termed fusiform or pyramidal cells) integrate sound frequency information from tonotopically organized auditory nerve synapses with multisensory signals that are relayed by granule cell parallel fibers (Fig. 1a) . The parallel fiber pathway also recruits two types of inhibitory interneurons in the molecular layer of the DCN: Purkinje-like cartwheel cells and superficial stellate cells that are analogous to the stellate and basket cells of the cerebellum 4 . Although fusiform cells receive convergent excitation from multisensory parallel fibers and the auditory nerve, the inhibitory stellate and cartwheel interneurons of the molecular layer receive only parallel fiber input. This suggests that although multisensory signals may filter auditory inputs by recruiting interneurons to modify fusiform cell spiking 5 , auditory nerve synapses do not directly control the activity of molecular-layer interneurons.
We find that the GABAergic stellate interneurons of the molecular layer are electrically coupled to the excitatory fusiform cells that integrate auditory and multisensory inputs. This newly identified circuit motif is surprising, as electrical coupling in the brain occurs primarily between inhibitory neurons of the same anatomical and functional class 6, 7 . These heterologous electrical synapses showed directional asymmetry, thereby favoring transmission from the auditory to the multisensory processing domains. Accordingly, the functional consequences of electrical coupling were such that stimulating auditory nerve synapses onto fusiform cells reliably depolarized stellate cells, and fusiform cell activity was sufficient to generate robust inhibition in the multisensory pathway. Our data substantially revise the connectivity map of the DCN and show that at the first synapses of the central auditory system, interneuron excitability is temporally controlled by the activity of projection neurons through electrical synapses.
RESULTS

Electrical coupling between interneurons and principal cells
We made whole-cell current-clamp recordings from pairs of fusiform and stellate cells in DCN-containing brain slices from 15-to 32-day-old wild-type mice. We identified neurons on the basis of morphological and electrophysiological criteria (Online Methods). In 92/203 attempted pairs (45%), hyperpolarizing one neuron (the 'prejunctional' cell) with an injection of negative current caused a simultaneous hyperpolarization in the other cell (the 'postjunctional' cell; Fig. 1b) . The bidirectional translation of negative, subthreshold membrane potential deflections across two neurons is a hallmark of electrical coupling 6 .
For 57 pairs in which we tested transmission bidirectionally, we calculated a coupling coefficient, which is defined as the ratio of the mean hyperpolarization during the last 50-100 ms of the current step a r t I C l e S in postjunctional and prejunctional cells. Surprisingly, we found that coupling strength showed a strong directional preference such that the average coupling coefficient in the fusiform to stellate direction was 0.10 ± 0.01 (mean ± s.e.m.) but was only 0.026 ± 0.003 in the stellate to fusiform direction (Fig. 1c,d ). Although electrical coupling is stronger in neonates in some brain regions 8, 9 , coupling remained robust in DCN slices from mice at 7-9 weeks of age (connection probability, 10/16, or 62.5%). For pairs recorded in these more mature animals, the average fusiform to stellate cell coupling coefficient was 0.13 ± 0.04 (n = 8 pairs tested in this direction), whereas the stellate to fusiform coupling coefficient was 0.026 ± 0.005 (n = 5 pairs tested). These results show that the excitatory projection neurons of the DCN form strong, developmentally persistent electrical synapses with local inhibitory interneurons. Furthermore, the directional asymmetry is such that the coupling from fusiform to stellate cells is nearly fourfold stronger than that in the opposite direction. Using a previously described approach 10 , we also calculated the junctional conductances for each direction and found an average fusiform to stellate cell conductance of 0.41 ± 0.04 nS (mean ± s.e.m.) and a stellate to fusiform conductance of 0.98 ± 0.11 nS (n = 57 pairs; Online Methods).
Electrical coupling requires connexin36-containing gap junctions
Similarly to that in other brain regions 6 , electrical coupling was significantly compromised in DCN slices from mutant mice lacking the neuronal gap junction channel connexin36 (Gjd2 −/− mice; Fig. 1d ). Only 3/60 attempted pairs were coupled in these mice (χ 2 1 = 30.9, P < 0.0001 compared to wildtype mice). The average fusiform to stellate coupling coefficient of the remaining coupled pairs was 0.024 ± 0.012 (n = 3), whereas the coupling was 0.003 ± 0.001 in the opposite direction (n = 2). Furthermore, electrical coupling in wild-type mice was blocked by a 15-to 30-min bath application of the gap junction blocker meclofenamic acid (MFA; Supplementary  Fig. 1 ). Together these data show that electrotonic coupling between fusiform and stellate cells reflects electrical synapses between two different cell types and that this coupling requires connexin36.
These results are surprising, as electrical coupling in the brain is typically observed between neurons of the same class 7, 11 . We therefore asked how coupling between fusiform and stellate cells contrasts with the efficacy of electrical transmission between the same cell types. We indeed found that electrical coupling occurred between stellate cells (9/42 of attempted pairs; Supplementary Fig. 2a) , as predicted from an anatomical study in the DCN 12 and by homology to cerebellar stellate cells 13 (Supplementary Fig. 2b) . However, the homologous coupling between stellate cells (0.024 ± 0.005, average of both directions) was much weaker than the fusiform to stellate cell coupling. Notably, we also found electrical coupling in the majority of attempted fusiform cell pairs (20/28; Supplementary Fig. 3 ), although this coupling was again weak (0.014 ± 0.001). By contrast, we found no evidence for electrical coupling between fusiform cells and another major molecular layer interneuron, the cartwheel cell (0/27 connected pairs; data not shown). This result highlights a strong specificity of electrical coupling in the DCN, as cartwheel cells make potent inhibitory synapses onto fusiform cells and overlap extensively in their dendritic fields 4 . Together our data reveal a broad, cell type-specific network of gap junction-mediated communication between excitatory and inhibitory neurons in the DCN molecular layer and show that electrical transmission is biased largely toward heterologous coupling in the fusiform to stellate cell direction.
Propagation of fusiform cell spikes into stellate cells
Previous studies have shown that fusiform cells fire spontaneously in vitro 5, 14 and in vivo 15 . The strong coupling between fusiform and stellate cells suggests that these spikes could modulate the membrane potential of electrically coupled stellate cells. Accordingly, we observed spontaneous, subthreshold spikelets in the majority of current-clamp recordings from single stellate cells (44/65, or 67%; Fig. 2a) . In voltageclamp recordings, the spikelets were clearly biphasic, with a fast inward current that was followed by a slower, smaller outward current (Fig. 2a) . These events were due to electrical coupling, as they occurred in the presence of glutamate, GABA A and glycine receptor antagonists and were absent in recordings from Gjd2 −/− mice (Fig. 2b) . Furthermore, paired recordings revealed that action potentials in prejunctional fusiform cells evoked spikelets in the postjunctional (Fig. 2c) . We also determined the spikelet amplitude and latency by generating a fusiform cell spike-triggered average of stellate cell spikelets from our paired recordings (Fig. 2d) . Spikelets had an average positive peak amplitude of 0.9 ± 0.2 mV (mean ± s.e.m.) and a mean latency from the peak of the prejunctional spike to that of the postjunctional spikelet of 837 ± 72 µs (mean ± s.e.m.; n = 11 pairs). Furthermore, we never observed spikelet transmission failures, indicating that fusiform cell spikes reliably propagate to stellate cells. Stellate cell somata lie primarily near the DCN ependyma 12 , suggesting that electrical synapses are located in fusiform cell apical dendrites. In a subset of our paired recordings, we investigated the location of putative contacts by first visualizing the morphology of fusiform cells with a fluorophore (Alexa488 or Alexa594) in the pipette internal solution and then selectively targeting stellate cells located near the apical dendrites of the fusiform cell. This method significantly increased the probability of finding an electrically coupled pair from 36% without a priori visualization of fusiform cell morphology (41/113) to 57% when we targeted stellate cells near fusiform cell dendrites (51/90; χ 2 1 = 7.6, P = 0.006). We further characterized the anatomical organization of electrical coupling by imaging connected pairs using two-photon microscopy. We filled fusiform and stellate cells with Alexa488 (90 µM) and Alexa594 (20-30 µM) dyes, respectively, and determined the relative organization of stellate and fusiform cell processes (Fig. 3a) . We consistently (n = 11 electrically coupled pairs) observed that stellate cell processes were restricted primarily (though not exclusively) to the distal region of fusiform cell apical dendrites, which is in agreement with previous work 12 . Moreover, the dendritic arbors of the two cell types could be in close apposition (Fig. 3a) , suggesting putative points of contact.
Previous studies have suggested that action potentials in fusiform cells back propagate into the apical dendrites 16, 17 . The slower waveform of the spikelet as compared to the fusiform cell action potential suggests that the latter may be filtered as it propagates to the stellate cell, although the lack of transmission failures argues that fusiform cell spikes nevertheless reliably propagate through the apical dendrites ( Fig. 2c,d ). In agreement with this interpretation, two-photon Ca 2+ (Fig. 3b,c) . As expected from the back propagation of action potentials, the absolute amplitude of the action potentialevoked ∆G/R signal (Online Methods) did not attenuate as a function of approximate distance from the soma but instead remained constant throughout the distal processes (n = 6 cells; Fig. 3c ). Together these data argue that spikelets in stellate cells originate as action potentials that have propagated through the apical dendritic arbor of the fusiform cell. Moreover, the obvious size difference between fusiform and stellate cells suggests that impedance mismatch contributes to the coupling asymmetry observed (Fig. 1) . Accordingly, we found that the input resistances for the two cells differed by over tenfold (fusiform cells, 87 ± 37 MΩ (mean ± s.e.m.) 18 ; stellate cells, 996 ± 139 MΩ (n = 29), found here).
Frequency dependence of transmission
Previous studies have suggested that spikelets may exert a predominantly inhibitory effect on the postjunctional cell, as the low-pass filter properties of gap junction channels allow preferential passage of the spike afterhyperpolarization (AHP) as compared to the faster depolarizing Na + upstroke 19, 20 . Indeed, our paired recordings (Fig. 2d) show that fusiform to stellate cell spikelets are biphasic, with a prominent negative-going phase. However, other studies have indicated that the shape of the postjunctional spikelets depends on the firing rate of the prejunctional cell and that the hyperpolarizing trough disappears at frequencies >50 Hz (ref. 21) . We therefore asked whether the prejunctional spike frequency determines whether fusiform cells exert a net depolarizing or a net hyperpolarizing effect on stellate cells. We evoked spikes in fusiform cells at different frequencies and measured the mean change in membrane potential of the stellate cells to which they were coupled (Fig. 4a,b) . We hyperpolarized the stellate cells with a constant bias current to prevent action potentials. Fusiform cell spikes evoked at 1 and 10 Hz had no effect on the mean membrane potential in the stellate cells (1 Hz, 0.005 ± 0.009 mV; 10 Hz, −0.04 ± 0.04 mV; n = 9 pairs). Thus, during low-frequency activity similar to that observed in vivo during periods of quiescence, fusiform cell activity does not cause the membrane potential of the stellate cell to deviate appreciably from baseline. Conversely, high-frequency fusiform cell activity (50 and 100 Hz) had a net excitatory effect, causing mean voltage changes of +0.3 mV ± 0.1 mV and +0.8 ± 0.2 mV, respectively. Given that fusiform cells can fire at >200 Hz during sound-evoked activity in vivo 15, 22 , these data indicate that physiological spike rates in single fusiform cells depolarize the membrane potential of electrically coupled interneurons in a frequency-dependent manner.
After a spike train in fusiform cells, a post-train AHP was invariably apparent. For trains elicited by square-pulse current injection (0.3-1 nA, 0.4-1 s), the negative peak of the AHP was −11.3 ± 1.0 mV below rest, with a half width of 406 ± 58 ms (mean ± s.e.m.; n = 8 fusiform cells; Fig. 4c ). Intracellular recordings from fusiform cells driven by acoustic stimuli in vivo show that this AHP occurs after sound termination 23, 24 , indicating that the AHP is not an artifact of direct current injection through the recording pipette. Paired recordings revealed that the post-train AHP in fusiform cells reliably invaded the stellate cells (n = 7 pairs; Fig. 4c) . Interestingly, the absolute peak amplitude of the postjunctional AHP in stellate cells was 92 ± 8% (mean ± s.e.m.) that of the steady-state depolarizing phase, suggesting that the positive-and negative-going phases of fusiform cell activity may be of comparable importance to stellate cells.
Auditory nerve activity is transmitted to stellate cells Auditory nerve fibers contact the basal dendrites of fusiform cells but do not extend into the DCN molecular layer 25 . However, single fusiform cells can control the membrane potential of electrically coupled stellate cells (Fig. 4a-c) , suggesting that acoustic information from the auditory nerve may nevertheless reach stellate cells through electrical synapses. We explicitly tested the possibility that stellate cells sense activity in the auditory pathway by recording from single stellate cells and stimulating the auditory nerve with a bipolar electrode placed in the ventral cochlear nucleus. In agreement with this possibility, trains of stimuli to the auditory nerve depolarized stellate cells (3.2 ± 0.5 mV; n = 6 cells; Fig. 4d,e) . Two features of this response indicate that it occurred through gap junction coupling with fusiform cells. First, the depolarization was followed by a hyperpolarization (in current-clamp recordings) or an outward current (in voltage-clamp recordings; Fig. 4d ), which is similar to the postjunctional activity that was generated by direct current injection in fusiform cells (Fig. 4c) . The slow outward current seen in the voltage-clamp recordings likely reflects the membrane potential of prejunctional fusiform cells relaxing toward baseline during decay of the AHP. Second, depolarization of the stellate cell to 0 mV (recorded with a cesium-based internal solution), which markedly reduces the driving force for glutamatergic transmission, only mildly reduced the amplitude of the steady-state response ( Fig. 4e ; average amplitude at −67 mV, −17 ± 3 pA (mean ± s.e.m.); 0 mV, −13 ± 3 pA; ratio of average current at 0 mV to −67 mV, 0.75 ± 0.03; n = 5 cells). Nevertheless, these voltage-independent responses were blocked entirely by bath application of AMPA and NMDA receptor blockers (10 µM 6-nitro-2,3-dioxo-1,4-dihydro benzo[f]quinoxaline-7-sulfonamide (NBQX) and 5 µM 3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (R-CPP), respectively), showing that they were generated by glutamatergic synaptic transmission ( Fig. 4e ; n = 3 cells). Thus, auditory nerve synapses generate excitatory responses that do not arise from transmitter-gated channels in stellate cells. These results strongly suggest that the auditory pathway transmits information to stellate cells, albeit independently of a direct auditory nerve projection into the molecular layer. (Fig. 5a,d) . The absolute amplitudes of the photocurrents in voltage-clamped fusiform cells from Thy1-ChR2-YFP mice were on average significantly larger than those observed in the VGluT2-ChR2-YFP line (Thy1, 991 ± 185 pA, n = 19 cells; VGluT2, 225 ± 25 pA, n = 13 cells; t(30) = 3.4, P = 0.002, unpaired t test). However, we obtained similar results with the two lines for the optogenetic experiments shown in Figures 5-7 , so we pooled the data (with mice from the two groups referred to hereafter generally as ChR2 mice). In slices from ChR2 mice, blue light also robustly increased the firing frequency of stellate cells recorded in current clamp (Fig. 5b,e) . We performed these experiments in the presence of NBQX and R-CPP, showing that the rapid increase in stellate cell spike rate was not due to ChR2 activation of presynaptic glutamatergic axons. We further investigated Episode number * * * * a r t I C l e S the depolarization underlying this phenomenon by hyperpolarizing stellate cells with a negative bias current to prevent spiking. As expected from activating prejunctional fusiform cells, blue light evoked trains of spikelets atop a steady depolarization (Fig. 5c,f ) that, after light termination, were followed by the post-train AHP that was seen in the paired recordings (Fig. 4c) . In voltage-clamped stellate cells, the same light stimuli caused biphasic 'postjunctional photocurrents' that were characterized by spikelets riding atop an inward current followed by a slow outward current after light termination (Fig. 5c,f) . The amplitudes of the mean steady-state inward and peak outward postjunctional photocurrents were −16.9 ± 2.5 pA and 14.4 ± 1.8 pA, respectively (n = 28 cells). Careful inspection of the voltage-clamp traces revealed spikelets of different amplitudes (Fig. 5f,g ), suggesting that multiple fusiform cells with different coupling coefficients contact a single stellate cell. Additionally, we never observed light-evoked spikelets, depolarizations or inward currents in cartwheel cells (0/37 cells tested), further highlighting the cell-type specificity of electrical coupling. Several control experiments led us to reject the possibility that the light-evoked depolarizations and postjunctional photocurrents in stellate cells were due to direct ChR2 expression in the stellate cell plasma membrane. First, the VGluT2-ChR2-YFP line should show ChR2 expression that is restricted to excitatory glutamatergic neurons such as fusiform cells 28 and not in GABAergic stellate cells 29 . Second, if postjunctional photocurrents are due to ChR2 expression in stellate cells, they should follow the current-voltage curve that has been documented in previous studies of the ChR2 cation channel and reverse at positive potentials 30 . However, the postjunctional photocurrents in voltage-clamped stellate cells were only minimally voltage dependent and remained inward at +53 mV, as would be expected for a cation current arising through an unclamped distal compartment (Supplementary Fig. 4a,b) . By contrast, photocurrents in fusiform cells displayed a rectifying currentvoltage relationship, which would be expected of the ChR2 channel and reversed at positive potentials. Third, the gap junction blocker MFA abolished postjunctional photocurrents in stellate cells but had little effect on ChR2 photocurrents in fusiform cells ( Supplementary  Fig. 4c,d ). Together these data show that postjunctional photocurrents represent the summed activity of prejunctional fusiform cells and not ectopic expression of ChR2 in stellate cells. Bath application of tetrodotoxin (TTX; 500 nM) significantly reduced the amplitude of the stellate cell postjunctional depolarization by 38 ± 4% (baseline, 5.8 ± 1.0 mV; TTX, 3.4 ± 0.6 mV; n = 14; t(13) = 4.6, P = 0.0005, paired t test) and reduced the postjunctional AHP during the light-off response by 61 ± 3% (baseline, −5.2 ± 0.8 mV; TTX, −2.2 ± 0.5 mV; n = 14; t(13) = 6.96, P < 0.0001, paired t test). These data indicate that spikes in prejunctional fusiform cells contribute to the light-evoked depolarizations in stellate cells. Thus, active and passive depolarizations in fusiform cells are transmitted to stellate cells. Moreover, the fact that the ChR2-induced, TTXsensitive depolarization (2.4 mV) in stellate cells was over twofold greater than the depolarization generated by stimulating a single fusiform cell (0.8 mV at 100 Hz) indicates that the ChR2-induced depolarization was indeed generated by multiple prejunctional fusiform cells.
Fusiform cells control stellate cell spike output
Can a single fusiform cell suffice to increase stellate cell spike output, or does this effect require simultaneous activity in multiple prejunctional cells? We recorded electrically coupled pairs and injected a family of depolarizing current steps into the stellate cell with or without simultaneous 100-Hz activity in the prejunctional (Fig. 6a) . We used negative bias current to prevent spontaneous firing of both neurons. We made a linear fit to the nonzero portions of the stellate cell input-output curves to compare the slope and offset (x intercept for y = 0) of the function during the two conditions 31 . In eight pairs tested, fusiform cell activity shifted the offset of the stellate cell input-output curves from 28.8 ± 5.0 pA during baseline to 25.2 ± 5.0 pA when the fusiform cell was active ( Fig. 6c ; −13 ± 4% difference; t(7) = 3, P = 0.02, paired t test). However, fusiform cell activity had no significant effect on the slope of the inputoutput curve (baseline, 1.1 ± 0.1 pA Hz −1 ; with fusiform cell activity, 1.2 ± 0.1 pA Hz −1 ; +4.5 ± 2.8% change; t(7) = 1.53, P = 0.14, paired t test). Furthermore, activating multiple prejunctional fusiform cells with blue-light stimuli in ChR2 mice (Fig. 6b) caused significantly larger shifts in the offset of the stellate cell input-output functions ( Fig. 6d ; from 34.1 ± 5.4 pA to 15.1 ± 4.9 pA; −52 ± 10% difference; n = 10 cells; t(9) = 3.66, P = 0.005, paired t test), with no significant change in the slope (1.6 ± 0.15 pA Hz −1 to 1.47 ± 0.11 pA Hz −1 ; −6.8 ± 4.3% change; t(9) = 1.34, P = 0.21, paired t test). Thus, activity in even a single fusiform cell significantly enhances the excitability of local interneurons, and this represents a largely additive transformation of the stellate cell's input-output function.
The large postjunctional AHP observed in stellate cells after fusiform cell or auditory nerve spike trains (Figs. 4 and 5) suggests that the timing of fusiform cell activity determines whether electrical synapses exert a net excitatory or a net inhibitory effect on stellate cell spike output. We tested this idea by recording single stellate Figure 7 The timing of fusiform cell activity bidirectionally controls stellate cell spike output. (a) Single trials from a stellate cell in a VGluT2-ChR2-YFP mouse in which the cell was transiently driven to spike with injection of positive current (400 ms). Prejunctional fusiform cells were activated by blue light (gray bars; 400 ms) at various times relative to the current step in the stellate cell. Negative bias current was used to prevent spontaneous firing. (b) Summary graph from 13 stellate cells in ChR2 mice plotting normalized spikes per s as a function of flash timing relative to the stellate cell current injection. The data (means ± s.e.m.) are normalized to the +500 ms data point, where the light flash (and thus, fusiform cell activation) occurred after the current step in the stellate cell. a r t I C l e S cells in ChR2 mice and varying the time interval between depolarizing current steps in the stellate cell and blue-light stimuli, thereby allowing either the depolarizing or AHP phase of the fusiform cell activity to overlap with stellate cell spiking (Fig. 7a) . The results were marked, as coincident activation of fusiform cells within a ±100-ms time window of stellate cell depolarization increased spike output by 50 ± 5% compared to baseline ( Fig. 7b; n = 13 ). By contrast, activating fusiform cells 500 ms before stellate cell current injection, which resulted in maximal overlap of the postjunctional AHP and stellate cell depolarization, reduced the total number of spikes by 53 ± 6%. Thus, the timing of fusiform cell activity with respect to stellate cell excitation bidirectionally regulates the number of spikes generated by the interneuron over a threefold range.
Fusiform cell activity generates local inhibition
Our data show that activity of even a single prejunctional fusiform cell is sufficient to excite stellate cells and thus predict that fusiform cell spiking should increase inhibition in the DCN molecular layer by depolarizing the stellate cell network. By homology to their cerebellar counterparts, stellate cells have been suggested to synapse onto the Purkinje-like cartwheel cells of the DCN 12, 32 . Accordingly, paired recordings revealed unitary stellate to cartwheel cell inhibitory postsynaptic currents (IPSCs) in 8/26 attempted pairs (30.8% connection probability; Fig. 8a ).
To explicitly test whether fusiform cell activity generates inhibition in the DCN, we recorded from single cartwheel cells and optogenetically activated fusiform cells (300-to 500-ms light stimuli). In the majority of voltage-clamped cartwheel cells (25/28) , optogenetic activation of fusiform cells triggered barrages of IPSCs (Fig. 8b) that were blocked entirely by the GABA A receptor antagonist SR95531 (5 µM; n = 8; Fig. 8b ). These IPSCs were not due to polysynaptic recruitment of interneurons through glutamatergic synapses because excitatory transmission was blocked by 10 µM NBQX and 5 µM R-CPP in all experiments.
We also examined whether activation of fusiform cells could lead to inhibition of other fusiform cells through stellate to fusiform cell chemical synapses. We recorded voltage-clamped fusiform cells from VGluT2-ChR2-YFP mice near the reversal potential for the ChR2 photocurrent (0-13 mV) using a cesium-based internal solution. In 7 of 11 cells tested, blue-light stimuli generated barrages of IPSCs that were partially occluded by the small inward photocurrent (Fig. 8c) . These IPSCs were not triggered by excitatory glutamatergic synapses because we performed all experiments in the presence of NBQX and R-CPP. Bath application of inhibitory synaptic blockers (SR95531 and strychnine; n = 6 cells) blocked the IPSCs, and subsequent digital subtraction of the average photocurrent trace from the single traces recorded in NBQX and R-CPP clearly showed that activation of neighboring fusiform cells generated a robust inhibitory response in the voltage-clamped neuron (Fig. 8c) . Thus, principal neuron activity generates time-locked increases in local inhibition, thereby regulating the excitability of neighboring principal neurons and interneurons.
DISCUSSION
A hallmark of sensory circuits is that external stimuli recruit inhibition proportional to the magnitude of the excitatory drive 33 . Whether the sensitivity of inhibitory neurons is fixed or labile with respect to a given stimulus is unclear. We have demonstrated a simple cellular mechanism that uses gap junctions to rapidly control the momentto-moment dynamics of inhibition on the basis of the timing of principal neuron activity. The probability of electrical coupling between principal cells and interneurons was high (57%), suggesting that this transmission pathway constitutes a major component of the DCN circuit. Moreover, electrical coupling was robust in animals as old as postnatal month 2, indicating that this circuit motif should function as a component of sensory processing and is not a transient developmental phenomenon. Thus, our findings raise the possibility that even at the earliest stages of auditory processing, ongoing sensory input bidirectionally regulates the threshold for recruiting local inhibition.
These results substantially revise the canonical DCN model in which multisensory and auditory inputs recruit distinct classes of interneurons 4 . Through electrical coupling with fusiform cells, the stellate cell membrane potential will rapidly sense ongoing auditory activity, a prediction that is supported by our observation that auditory nerve activation itself generates signals in stellate cells through gap junction coupling. There are no reports of recordings from identified stellate cells in vivo, presumably because of their small size and precarious location at the ependymal edge of the brainstem. Given that single stellate cells are coupled to multiple fusiform cells, our data suggest that electrical coupling may endow stellate cells with complex 'best-frequency' characteristics that reflect the additive frequency-tuning properties of prejunctional fusiform cells. Nevertheless, an understanding of how electrical coupling regulates information flow through the DCN will require knowing the functional connectivity between a stellate cell's postsynaptic targets and its electrically coupled partners. Stellate cells form inhibitory synapses onto cartwheel and fusiform cells 32, 34 (Fig. 8) . Activating stellate cells through the gap junction pathway generated IPSCs in a functionally silent (for example, voltage-clamped) fusiform cell (Fig. 8c,d) , showing that stellate cells do not perform feedback inhibition strictly onto activated principal neurons. However, it is unknown whether stellate cells inhibit fusiform cells that are tuned to similar frequencies as those with which they form electrical synapses or whether they inhibit fusiform cells across frequencies (i.e., lateral inhibition). Similarly, the spatial distribution of cartwheel cell axons is not yet known, and it remains to be determined whether stellate cells inhibit cartwheel cells that control local or more distant fusiform cells.
Further studies will be required to definitively assign a specific functional role for the new circuit we identified. The DCN is organized similarly to the cerebellum and cerebellum-like structures that are found in mammals and weakly electric fish: fusiform cells are analogous to deep cerebellar nucleus neurons and the glutamatergic efferent cells of the mormyrid electric fish's electrosensory lobe, whereas cartwheel cells are thought to function as the Purkinje-like cells of these circuits 1, 4 . Given that cerebellum-like circuits may mediate the adaptive filtering of self-generated sensory input, the molecular-layer circuitry of the DCN could facilitate a comparison of acoustic signals in the environment with body orientation or activity 3, 4 . A key cellular phenomenon that has been suggested to underlie such adaptive filtering is that coincident activity of predictive parallel fiber and instructive sensory pathways induces an anti-Hebbian, long-term depression of the active parallel fiber synapses 35, 36 . In the electrosensory lobe of the mormyrid electric fish, the Purkinje-like medium ganglion cells and excitatory efferent neurons integrate sensory information from electroreceptors on the skin (for example, instructive signals) with parallel fiber synapses that convey predictive information regarding the fish's motor movements and behavior 1, 3 . Simultaneous pairing of motor commands with electrosensory signals leads to longterm depression of the active parallel fibers in Purkinje-like cells and efferent neurons 37, 38 . On a circuit level, this phenomenon is thought to be involved in generating activity patterns that are 'negative images' of predictable sensory input 1, 3 . However, experiments have shown that associative, long-term plasticity in cerebellum-like circuits requires prolonged induction protocols and is fully expressed only several minutes after induction 17, 36, 38, 39 . Our work suggests an alternative mechanism that might contribute to a moment-to-moment npg a r t I C l e S reduction of parallel fiber synapses, thereby mediating adaptation to a rapidly changing environment. We found that activation of fusiform cells through the auditory pathway depolarizes stellate cells (Fig. 4d) and can thus sensitize molecular-layer interneurons to subthreshold parallel fiber inputs. Furthermore, fusiform cell activity alone is sufficient to generate robust inhibition onto two major targets of parallel fibers: cartwheel cells and neighboring fusiform cells (Fig. 8) . Thus, auditory signals could, in principle, rapidly recruit or suppress stellate cells and control the efficacy of parallel fiber activity, depending on the relative timing of auditory and nonauditory sensory signals. Interestingly, recent studies have suggested that cerebellar stellate cells sense glutamate 'spillover' from climbing fiber synapses [40] [41] [42] and that feedforward inhibition generated by climbing fiber activity is sufficient to rapidly decrease the capacity of parallel fibers to drive spikes in neighboring Purkinje cells 42 . Together with our data, these findings imply that transmission of instructive signals to molecular-layer interneurons may be a general feature of cerebellum-like circuits.
METhODS
Methods and any associated references are available in the online version of the paper. 
